Abstract To investigate the relationship among parity, length of the inter-pregnancy intervals and excessive pregnancy weight gain in the first pregnancy and the risk of obesity. Using a prospective cohort study of 3,422 nonobese, non-pregnant US women aged 14-22 years at baseline, adjusted Cox models were used to estimate the association among parity, inter-pregnancy intervals, and excessive pregnancy weight gain in the first pregnancy and the relative hazard rate (HR) of obesity. Compared to nulliparous women, primiparous women with excessive pregnancy weight gain in the first pregnancy had a HR of obesity of 1.79 (95 % CI 1.40, 2.29); no significant difference was seen between primiparous without excessive pregnancy weight gain in the first pregnancy and nulliparous women. Among women with the same pregnancy weight gain in the first pregnancy and the same number of inter-pregnancy intervals (12 and 18 months or C18 months), the HR of obesity increased 2.43-fold (95 % CI 1.21, 4.89; p = 0.01) for every additional inter-pregnancy interval of \12 months; no significant association was seen for longer inter-pregnancy intervals. Among women with the same parity and inter-pregnancy interval pattern, women with excessive pregnancy weight gain in the first pregnancy had an HR of obesity 2.41 times higher (95 % CI 1.81, 3.21; p \ 0.001) than women without. Primiparous and nulliparous women had similar obesity risk unless the primiparous women had excessive pregnancy weight gain in the first pregnancy, then their risk of obesity was greater. Multiparous women with the same excessive pregnancy weight gain in the first pregnancy and at least one additional short inter-pregnancy interval had a significant risk of obesity after childbirth. Perinatal interventions that prevent excessive pregnancy weight gain in the first pregnancy or lengthen the inter-pregnancy interval are necessary for reducing maternal obesity.
The association of high parity and risk of obesity has not been consistently described in previous studies; some report that giving birth to one child compared to never having children appears to double the risk for major weight gain or obesity over a 5-10 year period [1] [2] [3] [4] , while other studies show that multiparous women having at least two or more children compared to primiparous or nulliparous women have the greater increase in obesity [2, 5, 6] . A few studies have even reported a non-significant relationship between parity and obesity [7, 8] . A possible explanation for the inconsistency in the findings in the relationship between parity and risk of obesity is the omission of the length of the interval between pregnancies from the analyses.
Research has shown that giving birth to two or more children in a short inter-pregnancy interval (defined as \12 months) appears to increase the risk of adverse perinatal infant outcomes and increased maternal morbidity and mortality [9] [10] [11] [12] [13] [14] . However, the influence of the length of the inter-pregnancy interval on maternal weight outcomes, in particular obesity, is unknown. Conceivably, having short inter-pregnancy intervals and high parity may increase the risk of maternal obesity because weight may change significantly in the inter-pregnancy interval either because of weight retained from pregnancy or gained postpartum. Women who become obese during pregnancy remain significantly overweight or obese within 5 years after childbirth [2] . Additionally, a Swedish cohort found that an inter-pregnancy weight gain of 1-2 body mass index (BMI) units during an average of 2 years increases the risk of weight-related diseases, gestational hypertension and diabetes, by 20-40 % [15] . Thus, understanding the contribution of parity, length of the inter-pregnancy interval, and excessive pregnancy weight gain is important for effectively reducing the risk of maternal obesity after childbirth. However, studying these relationships has been difficult due to the current lack of large diverse prospective cohorts (particularly in the US) that have detailed perinatal data and sufficient follow-up for multiple births to have occurred. Prior studies have also been limited in the analytic approaches that were used because parity, length of the inter-pregnancy interval, and pregnancy weight gain were not treated as time-varying covariates [3-5, 7, 15] . We addressed the limitations by analyzing data obtained from a national sample of US women followed from adolescence into adulthood using an analytic approach that accounts for the time-varying nature of parity, length of the inter-pregnancy interval, and excessive pregnancy weight gain in the first pregnancy. Using a novel analytical approach, our study aim was to investigate the relationship between parity, length of inter-pregnancy intervals, and excessive pregnancy weight gain in the first pregnancy on the risk of obesity after childbirth. Our main hypothesis was that women with short inter-pregnancy intervals (\12 months), a parity of [2 children, and excessive pregnancy weight gain had higher risk of obesity, even after adjusting for demographic and socioeconomic factors.
Materials and Methods
The National Longitudinal of Youth 1979 Survey (NLSY 79) is a national cohort study of 12,686 youth 14-21 years of age as of January 1, 1979 . NLSY 79 was funded by the US. Department of Labor with the purpose of prospectively examining participants' labor force experiences and investments in education and training. The National Institute for Child Health and Human Development provided additional funding to include perinatal and other healthrelated variables. Participants underwent yearly personal interviews from 1979-86 to 1988-94. Details of recruitment, sampling methods and study procedures have been published previously (http://www.bls.gov/nls) [16] . While several cohorts in other countries exist [12, 15, 17] , to our knowledge NLSY 79 is the largest nationally representative cohort in the US with sufficient follow-up data collected on perinatal and clinical factors to investigate the relationship between perinatal factors and long-term weight change in women. Because the NLSY 79 dataset is de-identified and publically available, our study was exempted by the Institutional Review Board.
Sample
The NLSY 79 study was constructed from three independent multi-stage stratified area probability samples: a crosssectional sample representative of the non-institutionalized US civilian youth 14-22 years of age in 1979, a supplemental oversampling of Hispanics (n = 977), African Americans (n = 1,472) and economically disadvantaged non-African American/non-Hispanics (n = 901), and a military sample (n = 456) of youths enlisted in the armed services in 1979. Of the 6,064 women enrolled in NLSY 79, our study focused on a sample of 3,422 (see Fig. 1 ) nulliparous (no previous pregnancies or childbirths) and non-obese women followed from 1981 (when weight data were available) to 1990.
Demographic Variables
Age of each participant was calculated as the interview date in 1981 minus date of birth. Race/ethnicity was selfdefined by each participant and was categorized as nonHispanic white, non-Hispanic black, Hispanic or other (e.g. Asians, Native Americans and women who identified themselves as other). Marital status was dichotomized as Matern Child Health J (2014) 18:554-562 555 married or not married (including single, divorced, separated or other). Place of residence was dichotomized as urban or rural. Because participants were adolescents or young adults at baseline, two proxy variables were used to define socioeconomic status: maternal education and poverty status. Maternal education was defined as the highest education level attained by the participant's mother (no college degree or college degree or higher) and was selected because it has been shown to be strongly correlated with health risk behavior in adolescents [18] . Family poverty status was defined as 'in poverty' if the family income for the family size was below the federal poverty income guidelines for the calendar year prior to the followup interview year [16] .
Pregnancy Related Factors
Parity was defined as the number of live births. The date of the last menstrual period was not available and therefore, length of the inter-pregnancy interval was estimated as the length of time between the birth dates of each child minus 280 days (the average gestational age for a full-term infant) as done previous research [15, 19] . For each participant, inter-pregnancy intervals were then grouped by the number of inter-pregnancy intervals that were \12 months (e.g. short inter-pregnancy interval), 12-18 months, and C18 months and were selected based on the literature [11] . [20] . For brevity, the term 'excessive pregnancy weight gain' will be used for the remainder of our discussion to refer to excessive pregnancy weight gain in the first pregnancy.
Main Outcome
The main outcome was time-to-obesity, defined as the time from the baseline visit in 1981 to the visit when obesity was first detected. Obesity, calculated using self-reported heights and weights (collected in years 1981-1982, 1985-1986, 1988-1990) , was defined as a BMI C30 kg m 2 for adult women 17 years of age and older [21] . Obesity for women younger than 17 years was defined as a BMI greater than the 95th percentile for age according to the age and gender specific BMI growth charts from the Centers from Disease Control and Prevention [22] . The height in 1985 was used to calculate BMI for the later years because by then all women were assumed to have reached their adult height.
Statistical Analyses
Baseline characteristics were summarized using means and standard deviations or percentages as appropriate. The cumulative incidence of obesity was estimated over the 9-year follow-up period using Kaplan-Meier curve estimates. To investigate the association between parity, length of the inter-pregnancy interval, and excessive pregnancy weight gain and the risk of obesity, we developed Cox proportional hazards regression models. Cox proportional hazards regression models estimate the effect of each covariate on the relative hazard rate of obesity (e.g. instantaneous risk of obesity for subjects relative to subjects with continuous covariates set to zero and categorical covariates set to their reference value) and are interpreted as the ratio of the relative hazard rates (or hazard ratio) per unit increase in a continuous covariate or the ratio of the relative hazard rate between levels of a categorical covariate. In our models, the number of IPIs in each of the 3 ranges, age, BMI and the number of years of mother's education at baseline were treated as continuous covariates while excessive pregnancy weight gain, marital status, race, place of residence and poverty status were treated as categorical covariates. Additionally, our models also allowed covariates to be treated as fixed covariates that are measured at baseline only (and so do not change at subsequent visits) or time-varying covariates that are measured at the time of each visit. Fixed covariates included BMI, age, race, and maternal education at the baseline visit in 1981 and time-varying covariates included marital status and pregnancy related factors (parity, length of the IPI and excessive pregnancy weight gain). Because we assumed that the place of residence and poverty status at both the baseline visit and at the time of each visit could potentially confound the association between IPI and the risk of obesity, each of these variables was included as both a fixed and time-varying covariate. A more detailed description of our model is provided in the supplemental digital content online.
Additional analyses also incorporated an interaction between race and each of the covariates used to describe parity and length of the inter-pregnancy interval to investigate if the association between parity and length of the inter-pregnancy interval and the risk of obesity varied by race. Similar analyses were conducted to investigate if each of the socioeconomic factors (such as marital status, place of residence, maternal education, and poverty status) modified the effect of the association between parity and length of the inter-pregnancy interval and the risk of obesity as well.
Cox proportional hazards models also assume that the hazard rate is proportional to the baseline hazard rate independently of time and so for each fixed covariate, the assumption was tested by estimating a separate hazard ratio of obesity for the periods from 1981-1983, 1984-1986 to 1987-1990 . If no evidence of a significant difference among the hazard ratios was found, the assumption of proportional hazards was assumed to be valid.
All analyses assumed a two-sided significance level of 0.05 and were performed using SAS statistical software version 9.2. Table 1 displays the demographic and clinical characteristics for all 3,422 participants at baseline and characteristics stratified by excessive pregnancy weight gain. Women were followed on average for 8.3 years (SD = 2.5) and by the end of follow-up, 53 % of women were nulliparous, 23 % had one child and 24 % had [1 child. Among women who had at least one birth during the study, 41 % had excessive weight gain and among women who had [1 child, the average length of the first interpregnancy interval was 33.9 months (SD = 17). Figure 2 provides the cumulative incidence of obesity over the 9-year follow-up period for all 3,422 participants.
Results

Study Sample
Association Between Pregnancy-Related Factors and Relative Hazard Rate of Obesity Table 2 provides hazard ratios of obesity for parity, length of the inter-pregnancy interval, and excessive pregnancy weight gain, adjusting for demographic and socioeconomic Normal (BMI 18. Assuming all women have at least 1 birth, the same parity, and the same IPI pattern e BMI and residential status at baseline did not satisfy the proportional hazards assumption and so hazard ratios for each of the covariates were separately estimated for the periods from 1981-1983, 1984-1986 to 1987-1989 significant difference was seen between the number of longer inter-pregnancy intervals (12-18 and C18 months) and the relative hazard rate of obesity. Table 3 provides estimates of the adjusted hazard ratio of obesity comparing women with 1 or 2 births to nulliparous or primiparous women based on the adjusted model in Table 2 . The adjusted relative hazard rate of obesity was 1.79 times higher (95 % CI 1.40, 2.29; p \ 0.001) in primiparous women with excessive pregnancy weight gain compared to nulliparous women whereas no significant difference was seen between primiparous women without excessive pregnancy weight gain and nulliparous women (HR = 0.74; 95 % CI 0.55, 1.01; p = 0.06). When comparing two groups of primiparous women, the women with excessive pregnancy weight gain had the greater risk of obesity (HR = 2.41; 95 % CI 1.81, 3.21, p = \ 0.001). Regardless of IPI length, the adjusted relative hazard rate of obesity in multiparous women with 2 births with excessive pregnancy weight gain was approximately 2-4 times higher than in nulliparous and primiparous women without excessive pregnancy weight gain (p \ 0.001); women with short inter-pregnancy intervals had the highest risk obesity. Table 4 provides estimates of the adjusted hazard ratio of obesity comparing women with 2 births with the same excessive pregnancy weight gain but with different interpregnancy interval patterns based on the adjusted model in Table 2 . For instance, the relative hazard rate of obesity in women with an inter-pregnancy interval \12 months was 2.42 times higher (95 % CI 1.08, 5.40; p = 0.03) than in Results are based on adjusted model defined in Table 2 PWG pregnancy weight gain a Nulliparous women have no births during the study. Primiparous women have one birth during the study. Multiparous women have two births and one IPI during the study Results are based on adjusted model defined in Table 2 Matern Child Health J (2014) 18:554-562 559
women with an inter-pregnancy interval C18 months. Alternatively, the relative hazard rate of obesity in women with an inter-pregnancy interval between 12 and 18 months did not differ from women with an inter-pregnancy \12 months or from women with an inter-pregnancy interval C18 months. Table 5 shows the adjusted hazard ratios of obesity of multiparous women with the same excessive pregnancy weight gain but with differing parity (3 births vs. 2 births) and inter-pregnancy intervals. For most cases, the relative hazard rate of obesity was significantly higher in the group that had at least one additional inter-pregnancy interval \12 months than women with longer inter-pregnancy intervals.
Discussion
We found that multiparous women with short interpregnancy intervals, with or without excessive pregnancy weight gain, had a substantial risk of obesity after childbirth compared to multiparous women with longer inter-pregnancy intervals. Our findings are consistent with previous study by Zhu and colleagues suggesting an interpregnancy interval of 18-23 months may be optimal for preventing adverse maternal and infant health outcomes [11] . Short inter-pregnancy intervals of \12 months are concerning because they may not provide adequate timeto-appropriately lose weight gained during pregnancy, to replenish maternal nutritional deficiencies (e.g. folate and iron) that occur in pregnancy or to return to the ''normal'' pre-pregnancy metabolic state before the conception of the next pregnancy [23, 24] . The concomitant metabolic demands of breastfeeding and weight change during and after pregnancy also affect the nutritional status of the mother [25] . This metabolic conundrum may limit the mothers' ability to support the nutritional needs of both herself and a new growing fetus. Thus, giving birth to two or more children in short inter-pregnancy intervals contributes to anemia, a low birth weight or small for gestational age baby, premature birth, congenital malformations, and early fetal and maternal death; [12] [13] [14] our findings suggest maternal obesity as well.
We also found that primiparous and nulliparous women had similar obesity risk unless the primiparous women had excessive pregnancy weight gain, then their risk of obesity was greater. Likewise, when comparing multiparous women to nulliparous and primiparous women, excessive pregnancy weight gain was associated with a higher risk for obesity in that group. Excessive pregnancy weight gain, particularly in the first pregnancy, has been reported to be a strong predictor of postpartum weight retention and maternal obesity [2, [26] [27] [28] . Our findings build upon the previous studies by showing that the addition of short interpregnancy intervals and excessive weight gain in the first pregnancy further increased the risk for maternal obesity.
Maternal obesity remains concerning for not only the long-term risk of obesity and type 2 diabetes but its shortterm risk of morbidity (such as gestational diabetes, operative complications, premature rupture of membranes, birth trauma, neonatal metabolic abnormalities) and death of a young mother and/or her baby during pregnancy, delivery and postpartum [6, 29] . Therefore, in addition to efforts to prevent excessive pregnancy weight gain (i.e. help women gain within the new 2009 IOM pregnancy weight gain guidelines), research and clinical practice should consider short inter-pregnancy intervals in addressing maternal obesity. Physicians and nurses can educate postpartum women on the perinatal hazards of short inter-pregnancy intervals for mother and baby. Once counseled, women could be offered long-term contraception such as IUDs and implants to help lengthen the inter-pregnancy interval [25] . Table 2 Additionally, clinical and population-based research using cohorts derived from electronic health records or birth certificate data are a feasible way to investigate the prevalence of and modifiable risk factors for short inter-pregnancy intervals.
As with all studies, several limitations deserve mention. First, factors of interest such as smoking did not have a consistent definition at each time point for incorporation as a time-varying covariate. Second, inherent in prospective designs, is the potential for residual confounding of other perinatal variables such as postpartum weight retention and gestational weight gain in subsequent pregnancies. We addressed the issue of confounding by adjusting for weight gain in the first pregnancy based on prior evidence that weight gain in the first pregnancy may have a greater effect on long-term obesity risk [2, 30] . Third, we were unable to account for pre-term births (prevalence of pre-term births in 1990 was about 10 %) and based our findings on fullterm births (gestational age of 280 days). By doing so, we may have overestimated the length of the inter-pregnancy interval by approximately 21 days if 259 days was used as the estimate for gestational age for preterm births, which would attenuate the estimated hazard ratios. Fourth, treating time-to-obesity (measured annually rather than when obesity actually occurred) as a right censored, rather than as an interval censored, time-to-event outcome could potentially bias the hazard ratio because we assumed that obesity occurred at the annual visit time rather than some time in between the last annual visit when the subject may not have been obese. Additionally, no adjustment was made for the complex sampling design used to obtain the NLSY 1979 cohort which limits national generalizability. Finally, our results may underestimate the incidence of obesity due to the use of self-reported weight and height [31] and use of an older cohort in which the overall prevalence of obesity (16-23 %) was lower than current estimates (35.8 % among adult women) [32] . However, due to limited number of national datasets in the US with high retention rates (95-91 %) [16] , a diverse population of young woman, and all of the necessary perinatal and anthropometric variables, the NLSY 79 having all of these features best enabled us to illustrate our unique analytic approach.
Our study is the first to our knowledge to show an independent association between length of inter-pregnancy interval and maternal obesity. In the absence of randomized control trials, our results are consistent with a growing body of observational research indicating the need for clinical interventions targeting women at risk for short inter-pregnancy intervals and excessive pregnancy weight gain. Future investigations should focus on special subgroups such as adolescent mothers, mothers with substance use disorders, or with preterm births, all of whom may have significant risk for shorter IPI intervals. Physicians and clinical staff should discuss with their patients during preconception planning and prenatal care visits about the potential risks of poor perinatal outcomes due to close birth spacing.
